Identification of all the protein components of the large subunit (39 S) of the mammalian mitochondrial ribosome has been achieved by carrying out proteolytic digestions of whole 39 S subunits followed by analysis of the resultant peptides by liquid chromatography and mass spectrometry. Peptide sequence information was used to search the human EST data bases and complete coding sequences were assembled. The human mitochondrial 39 S subunit has 48 distinct proteins. Twenty eight of these are homologs of the Escherichia coli 50 S ribosomal proteins L1, L2, L3 , L4, L7/L12, L9, L10, L11,  L13, L14, L15, L16, L17, L18, L19, L20, L21, L22, L23, L24,  L27, L28, L30, L32, L33, Mammalian mitochondria are responsible for the synthesis of 13 proteins localized in the inner membrane. These proteins are components of the oligomeric complexes essential for oxidative phosphorylation and, hence, for the synthesis of about 90% of the ATP in eukaryotic organisms. The 55 S mammalian mitochondrial ribosomes consists of small (28 S) and large (39 S) subunits (1). In contrast to bacterial ribosomes which are about 65% RNA, mammalian mitochondrial ribosomes are only 33% RNA. The low percentage of RNA in these ribosomes reflects a reduction in the size of the rRNA and a compensating increase in the number of ribosomal proteins. For example, the small subunit of the mammalian mitochondrial ribosome contains a 12 S rRNA (about 950 nucleotides) and an estimated 29 proteins (2). In contrast, the Escherichia coli 30 S subunit has a 16 S rRNA (1542 nucleotides in length) and 21 proteins (3). The large subunit of the mammalian mitochondrial ribosome contains a 16 S rRNA (about 1560 nucleotides) and about 50 proteins (4, 5).
Mammalian mitochondria are responsible for the synthesis of 13 proteins localized in the inner membrane. These proteins are components of the oligomeric complexes essential for oxidative phosphorylation and, hence, for the synthesis of about 90% of the ATP in eukaryotic organisms. The 55 S mammalian mitochondrial ribosomes consists of small (28 S) and large (39 S) subunits (1) . In contrast to bacterial ribosomes which are about 65% RNA, mammalian mitochondrial ribosomes are only 33% RNA. The low percentage of RNA in these ribosomes reflects a reduction in the size of the rRNA and a compensating increase in the number of ribosomal proteins. For example, the small subunit of the mammalian mitochondrial ribosome contains a 12 S rRNA (about 950 nucleotides) and an estimated 29 proteins (2) . In contrast, the Escherichia coli 30 S subunit has a 16 S rRNA (1542 nucleotides in length) and 21 proteins (3) . The large subunit of the mammalian mitochondrial ribosome contains a 16 S rRNA (about 1560 nucleotides) and about 50 proteins (4, 5) .
The identification of proteins in mammalian mitochondrial ribosomes has been challenging due to their low abundance. Recently 60 mammalian mitochondrial ribosomal proteins, 31 proteins from the large subunit and 29 proteins from the small subunit, have been characterized by different laboratories (2, 6 -14) . The identification of these proteins used two approaches. The traditional approach was to separate the proteins on two-dimensional gels or high performance liquid chromatography followed by sequence analysis using Edman chemistry or mass spectrometry (MS). More recently, proteins present in the 28 S subunit have been characterized by proteolytic digestion of whole subunits. Sequence information on the peptides present in this complex mixture was obtained by liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS). 1 This strategy allowed the identification of 28 proteins of the small subunit including 14 proteins that had not previously been identified (2) . In the present study, we have extended this approach to the 39 S subunit. In addition to direct analysis of 39 S digests by LC/MS, aliquots of the total digest were fractionated prior to reversed-phase LC/MS analysis to maximize the number of peptides sequenced. In the first approach, a portion of the total digest was fractionated by affinity selection of Cys-containing peptides on a monomeric avidin column following the modification of these residues with a biotin-conjugated reagent. A second fractionation approach involved on-line strong cation exchange (SCX)/reversed-phase LC/LC/MS/MS. The sequence information obtained was used in data base searches to allow the deduction of the complete amino acid sequences of these proteins. The present work has allowed us to identify what we believe is close to the full complement of ribosomal proteins present in this subunit including 17 new mammalian mitochondrial large subunit ribosomal proteins. Of these, 4 have homologs in prokaryotic ribosomes while 13 are members of new classes of large subunit ribosomal proteins.
MATERIALS AND METHODS

Preparation of Bovine Mitochondrial Ribosomal Subunits-Bovine
mitochondrial ribosomes were prepared as described previously and the 55 S mitochondrial ribosomes were isolated on sucrose gradients (4) . These ribosomes were diluted in buffer containing 20 mM Tris-HCl, pH 7.6, 2 mM MgCl 2 , 40 mM KCl, and 2 mM dithiothreitol to dissociate the 55 S ribosomes into 28 and 39 S subunits. Two-ml samples were then * This work was supported by National Institutes of Health Grant GM32734. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom to correspondence should be addressed. Tel.: 919-966-1567; Fax: 919-966-3675; E-mail: Linda_Spremulli@unc.edu. applied to 36-ml linear gradients (10 -30% sucrose in the above buffer). Samples were subjected to centrifugation for 16 h at 24,000 rpm in a Beckman SW27 rotor. The gradients were fractionated and 39 S subunits were collected by centrifugation at 48,000 rpm for 6 h in a Beckman Type-50 rotor. The 39 S subunit pellet was resuspended in 0.1 ml of buffer containing 20 mM Tris-HCl, pH 7.6, 5 mM MgCl 2 , 40 mM KCl, and 2 mM dithiothreitol and stored at Ϫ70°C.
Peptide Sequencing by Mass Spectrometry-For each analysis, 5 pmol of purified 39 S subunits were digested with trypsin (Roche Molecular Biochemicals) or endoproteinase Lys-C (Wako Chemicals) as described previously (9, 12, 15) . Nanoscale capillary LC/MS/MS analyzes of 39 S digests were done using an Ultimate capillary LC system (LC Packings) coupled to a quadrupole time-of-flight mass spectrometer (Micromass) fitted with a Z-spray ion source as described previously (2) . In addition to the LC/MS/MS analysis, a multidimensional LC/LC/MS/MS approach similar to that described previously (16) was performed using SCX in the first LC dimension and reversed-phase in the second dimension. Peptides were sequentially step eluted from the 300 m ϫ 5-mm SCX column (LC Packings) packed with PolySulfoethyl Aspartamide material (PolyLC) onto a reversed-phase "trapping" cartridge using a 5 mM KH 2 PO 4 buffer, pH 3.0, containing 0, 25, 35, 50, 60, 75, 100, or 200 mM KCl. Peptides from each salt fraction were then analyzed by sequential reversed phase LC/MS/MS analyses.
A second fractionation method involved the modification of Cys residues in an aliquot of 39 S subunits using the ICAT TM D0 reagent from Applied Biosystems. The biotin tag on this reagent allowed purification of Cys-containing peptides using avidin affinity chromatography as described previously (17, 18) . For this analysis, 5 pmol of 39 S subunits was used for in situ biotinylation with the ICAT TM D0 reagent followed by digestion with trypsin as summarized in Fig. 1 . Alkylation with the ICAT TM reagent was performed on the Agilent sequencing cartridge in the same manner as when using 4-vinylpyridine (19) . Peptides were eluted with 80% acetonitrile or 40% acetonitrile, 40% isopropyl alcohol. Three different samples from this reaction were analyzed: 1) the total peptide mixture; 2) peptides not retained by the avidin column; and 3) bound peptides subsequently eluted from a 200-l monomeric avidin column with 0.1% formic acid, 20% acetonitrile. Peptides in all three of these samples were analyzed by nanoscale LC/MS/MS. For all of the samples described above, uninterpreted peptide product ion spectra generated by LC/MS/MS were searched against the nonredundant protein data base and human and rat EST data bases for exact matches using the Mascot search program (20) .
Computational Analysis-Peptide sequences obtained from Mascot searches of the protein and EST data bases were searched against the nonredundant protein data base using the FASTA algorithm (21) . EST data base and genomic DNA searches of the peptide sequences were performed using the BLAST search program at the National Center for Biotechnology Information (22) . Sequence analysis and homology comparisons were done using the GCG DNA analysis software package (Wisconsin Package Version 10, 1999, Genetics Computer Group (GCG), Vector NTI (Informax Inc.) and Biology WorkBench 3.2. The results were displayed using BOXSHADE (version 3.21, written by K. Hofmann and M. Baron). Prediction of the cleavage sites for the mitochondrial signal sequence was carried out using PSort and MitoProt II (23, 24) .
RESULTS
Nomenclature-Two-dimensional gel analysis of the proteins present in bovine liver mitochondrial 39 S subunits suggested the presence of as many as 50 -52 ribosomal proteins. These proteins were designated as L1 through L52 in order of decreasing molecular weights (4). However, this nomenclature does not permit the easy comparison of the mammalian mitochondrial ribosomal proteins to those of other systems. Hence, we have adopted a system of nomenclature in which proteins with prokaryotic homologs are given the same number as the corresponding ribosomal protein in E. coli (Table I) . For example, MRP-L7/L12 is the mammalian mitochondrial homolog of bacterial L7/L12. Proteins without bacterial homologs are given the next available number. Since bacterial ribosomes have proteins designated L1 through L36, we began designating the new mammalian mitochondrial ribosomal proteins beginning at MRP-L37. The 7 previously identified bovine mitochondrial 39 S proteins that do not have prokaryotic homologs are designated as MRP-L37 through MRP-L43 (6, 7, 13). The current article describes 4 homologs of bacterial ribosomal proteins (MRP-L18, MRP-L21, MRP-L28, and MRP-L35) and 13 large subunit ribosomal proteins representing new classes of ribosomal proteins (MRP-L44 to MRP-L56).
Characterization of Bovine Mitochondrial Ribosomal Proteins by Tandem Mass Spectrometry-To maximize the number of 39 S peptides sequenced in these experiments, several approaches were employed (Fig. 1) . The basic approach involves analysis of proteolytic digests by nanoscale capillary LC/MS on a quadrupole time-of-flight mass spectrometer operated in a data-dependent MS to MS/MS switching mode. Using this approach, the mass spectrometer acquires MS scans until peptides are detected eluting from the LC column. At this point, the mass spectrometer switches to MS/MS mode, fragmenting up to 8 co-eluting peptides per MS/MS switch before resetting to MS mode to look for additional peptides. Digestion of intact 39 S subunits is expected to generate about 750 peptides when digested with endoproteinase Lys-C, or about 1500 peptides when digested with trypsin.
As a result of the extremely complex mixture of peptides present, each peak eluting from the LC column contained multiple peptides. Even though the mass spectrometer could rapidly acquire sequence data for up to 8 co-eluting peptides at a time, the number of peptides presented to the instrument for sequencing in a typical LC/MS/MS experiment overwhelmed the mass spectrometer's capacity for analysis. Thus, in a standard LC/MS/MS experiment, many peptides were never interrogated by MS/MS. By using the combination of approaches outlined in Fig. 1 , the sequences of a total of 564 peptides were obtained. This number includes peptides observed in more than one run and peptides from co-purified contaminants. Of these, the sequences of 361 peptides were useful in allowing the identification of 47 large subunit ribosomal proteins.
The large number of potential peptides generated from digestion of intact 39 S subunits raised the question of whether adequate sample coverage could be obtained to allow identification of all of the proteins present. To improve the odds of obtaining some peptide sequence from all of the proteins comprising the 39 S subunit, three types of analyses were used: 1) replicate nanoscale capillary LC/MS/MS of both trypsin and Lys-C digests; 2) Cys-affinity labeling/fractionation (18) ; and 3) on-line multidimensional SCX-RP LC/LC/MS/MS (16) . The most straightforward method for improving proteome coverage of 39 S proteins was found to be replicate analysis of identical digests of the subunit. For example, of 260 peptide matches obtained from triplicate LC/MS/MS analyses of a 39 S Lys-C digest, 141 peptides (55%) were sequenced in only one of the three replicates, 66 peptides (25%) were sequenced in only two of the three replicates, and 53 peptides (20%) were sequenced in all three replicate analyses. This data illustrates that the number of 39 S proteolytic peptides presented to the mass spectrometer for interrogation in an LC/MS/MS experiment exceeds the sequencing capacity of the instrument. Because chance (to some extent) plays a role in which peptide ions the instrument interrogates in each analysis (18) , simply repeating the analysis results in a substantial number of new peptides interrogated in each experiment.
Another approach to improving proteome coverage is the use of multidimensional chromatographic separation of complex protein digests in conjunction with mass spectrometry. In this case, peptides are fractionated with an additional chromatographic step prior to the standard LC/MS/MS analysis. Thus, fewer peptides are presented to the mass spectrometer in each "fraction," allowing a higher number of peptides to be interrogated. One such approach uses an on-line SCX-RP LC/LC separation (16) . When applied to 39 S subunit proteolytic digests, 135 unique peptides were sequenced during SCX-RP LC/LC/ MS/MS analysis. One peptide from MRP-L55 sequenced during this analysis (Fig. 2) was the only peptide from MRP-L55 observed in any of our analyses. Another LC/LC approach taken was the use of Cys affinity labeling with off-line avidin affinity fractionation of Cys-containing peptides (17, 18) . In this approach, 39 S subunits were treated with a reagent (ICAT TM DO reagent) which alkylates Cys residues with a tag carrying a biotin moiety. The modified proteins were then cleaved with trypsin, and a portion of the resulting peptide mixture was used for peptide sequence analysis by LC/MS/MS. The remainder was applied to a monomeric avidin column to isolate the biotin-containing peptides. Nonalkylated peptides that were not retained by this column (avidin flow-through) were analyzed by LC/MS/MS as were the Cys-alkylated peptides retained by the column. A significant increase in the recovery of short, Cys-containing peptides was observed with the use of the ICAT TM D0 tag in the avidin bound fraction. None of these short peptides was observed in any of the non-
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TM experiments. Unique peptide information was also obtained in the avidin flow-through fraction as well as the direct unfractionated ICAT TM -labeled aliquot. Combining the strategies outlined above allowed for the identification of 17 additional 39 S ribosomal subunit proteins including four prokaryotic ribosomal protein homologs in this subunit. Table II summarizes the large amount of new peptide sequence information obtained here. For simplicity, peptide sequences obtained from the previously identified mitochondrial ribosomal proteins are not included in this table. Sequences of the peptides obtained were used to search the human EST data base using the tBLASTN program (National Center for Biotechnology Information). In most cases a number of EST clones gave positive hits for these sequences. Overlapping clones for these hits were obtained using the initial hits as virtual probes to rescreen the human EST data base. Consensus cDNAs were then assembled by repetitive searching and comparison of the EST sequences. Sequencing errors were corrected by comparing the sequences of overlapping clones. Where possible, EST assemblages from the TIGR data base were examined and used to facilitate the assembly of the full-length sequences and to help evaluate potential sequencing errors in the EST clones. The sequence of the longest possible cDNA was then assembled in silico. Generally, the fully assembled human sequence was used as a query against entries in the mouse ESTs and Caenorhabditis elegans, Drosophila melanogaster, and yeast genomic data bases. The peptide sequence information obtained allowed the identification of 4 new homologs of prokaryotic ribosomal proteins. In addition, 13 novel large subunit ribosomal proteins were identified belonging to new classes. Peptides from 30 of the previously identified 31 large subunit proteins were also found in this analysis. The new sequence information provided here brings the total number of 39 S subunit ribosomal proteins to 48.
Some proteins from the small subunit were also detected in the analysis here. About 10 -15% of the peptides detected in the 39 S subunit preparations were from known 28 S subunit proteins. For example, peptides from MRP-S30 were found in the analysis of both small and large subunit proteins (25, 26) . Contamination of the 39 S subunit preparation by 28 S subunits arises primarily from transient interactions between the subunits at the 2 mM Mg 2ϩ ion concentration used during their separation on sucrose gradients. Peptides arising from subunits of the pyruvate dehydrogenase and oxoglutarate dehydrogenase complexes were also observed in the 39 S preparation. These large oligomeric complexes sediment at 32 S (27) around the same buoyant density as ribosomal subunits. Peptides from two proteins expected to be associated with ribosomes were also detected in the 39 S preparations. These were from chaperone Hsp70 and from an unknown protein with similarity to both the release factor family of proteins and to the peptidyl-tRNA hydrolase family of proteins.
The molecular masses of the 48 proteins identified in the 39 S subunit, following removal of the predicted signal sequence, range from 5.4 to 54.6 kDa (Fig. 3 ). This range of sizes is in good agreement with the previous spectrum observed in bovine mitochondrial large subunits (4, 28) . The total calculated molecular mass of the large subunit proteins following removal of the proposed N-terminal signal sequences is about 1030 kDa. This value combined with the mass of the 16 S rRNA present in the large subunit (about 550 kDa) brings the total estimated molecular mass of the large subunit to 1580 kDa. This value is in good agreement with the protein content of the ribosome calculated from the buoyant density of this subunit and the estimated sizes of each individual protein from the two-dimensional gels (4, 28). The 28 S subunits has been calculated to be around 1000 kDa based on the molecular masses of individual protein components and 12 S rRNA (2). Thus, the total calculated mass of mammalian mitochondrial ribosomes would be about 2.6 ϫ 10 6 Da. This number also agrees with previous estimates (4, 28) . Recently, the molecular mass of the rat mitochondrial ribosome was calculated to be 3.57 ϫ 10 6 Da using static light scattering experiments (29) . Analysis of the ribosomal proteins in the preparations used in these experiments indicated the presence of 86 ribosomal proteins, a number of which had high molecular masses (up to 86 kDa). We and several other groups (4, 5, 13, 28) have failed to observe such large ribosomal proteins in preparations of bovine mitochondrial ribosomes (data not shown). The apparent discrepancy between the size of the mitochondrial ribosome determined by biophysical methods and that calculated on the basis of the sizes of the known proteins and rRNAs remains to be resolved.
The Mitochondrial Large Subunit Proteins with Prokaryotic Homologs-Previously, prokaryotic homologs of 24 large subunit ribosomal proteins in mammalian mitochondrial ribosomes were identified. The present work adds 4 new homologs to this group (MRP-L18, MRP-L21, MRP-L28, and MRP-L35).
Thus, a total of 28 large subunit proteins in mammalian mitochondria have bacterial homologs. MRP-L36, previously shown to be present in mitochondrial 39 S subunits, was not detected in our preparations due to its small size and its high arginine and lysine content which gives rise to small peptides upon digestion with trypsin.
MRP-L18 -Only one peptide was obtained for MRP-L18 (Table II). This peptide was sufficient to identify mitochondrial L18 which was described as "ribosomal L18p/L5e family" in GenBank TM . The full-length MRP-L18 protein is 180 residues in length. Homologs are present in other mammals, C. elegans, and D. melanogaster, however, there is no clear homolog of L18 in yeast mitochondria (Table III and IV) . MRP-L18 is the only one of the three proteins known to interact with 5 S rRNA that is found in mammalian mitochondrial ribosomes. Even though the overall identity of MRP-L18 to prokaryotic L18s is low, the consensus residues describing L18p/L5e families are highly conserved except several arginine residues generally found at the N-terminal end of the prokaryotic, archaeal, and eukaryotic L18p/L5e proteins (30) (Fig. 4) .
MRP-L21-Six peptides were obtained for MRP-L21 (Table  II) . Initial screening of the EST data bases with these peptides provided a hit, but it was not identified as an L21 homolog. The full-length protein is 205 residues in length. After the removal of the predicted import signal, the size of MRP-L21 remains significantly larger than E. coli L21 (Fig. 3) . All but two of the mammalian mitochondrial large subunit proteins are larger than their prokaryotic counterparts (Fig. 3) . Homologs of MRP-L21 are present in other mammals, C. elegans, and D. melanogaster (Table III and IV) . Of these, the Drosophila MRP-L21 is more closely related to the mammalian protein than is C. elegans MRP-L21. This theme is shared by most of the large subunit proteins (Table III) . Mammalian MRP-L21 is more closely related to its homolog from S. cerevisiae mitochondria than to its bacterial homolog. This pattern is not particularly typical since, in many cases, mammalian mitochondrial ribosomal proteins are more closely related to their bacterial counterparts than to the yeast mitochondrial homologs.
MRP-L28 -Two peptide fragments encoded by the same bovine cDNA were identified as fragments from a protein similar to the prokaryotic L28 ribosomal protein family in Swiss-Prot searches (Table II) . MRP-L28 is 256 residues in length and has a putative signal peptide cleavage site at residue 25 with a 91% probability to localize in mitochondria. Human MRP-L28 is about 3 times longer than its E. coli counterpart (Fig. 3) . The region showing homology to the L28 family of proteins is located in the middle section of MRP-L28. This region corresponds to the C-terminal end of prokaryotic and chloroplast L28s. The C-terminal 128 residues of human MRP-L28 was previously identified as a "human melanoma-associated antigen" (Swiss-Prot O13084) that is recognized by certain melanoma-specific tumor-infiltrating lymphocytes (31) . Extensive EST data base searches indicate that this data base entry does not represent the complete open reading frame for this protein.
The observation that a mitochondrial ribosomal protein is related to a tumor antigen is reminiscent of the observation that a small subunit ribosomal protein has been identified as an antigen occurring in diabetic patients (2) .
MRP-L35-The full-length human protein was assembled from cDNA clones by using any of the three peptides from MRP-L35 (Table II) . Comparison of the sequence of this protein with the proteins in the Swiss-Prot data base revealed high homology (27.3%) to Spinacia oleracea chloroplast L35 (P23326). Human MRP-L35 is 26.6% identical to E. coli L35 and is reasonably well conserved among the various mitochondrial sequences available (Table III) . The sequences of MRP-L35 homologs are well conserved in their C-terminal halves. Mitochondrial L35 homologs have additional sequences in their N-terminal halves although the sequences of these extensions are not particularly conserved. Regions of high homology between the mitochondrial proteins start where the alignment with E. coli L35 begins. A clear Saccharomyces cerevisiae mitochondrial L35 homolog cannot be found in the data base searches performed using either E. coli L35 or the human MRP-L35 sequence as a query. Table IV .
New Classes of Ribosomal Proteins in Mammalian
Mitochondrial Ribosomes-Thirteen proteins that did not have homology to any known prokaryotic ribosomal protein were identified based on the peptides present in whole 39 S subunit digests (Table II) . These proteins are designated as "new" classes of mammalian mitochondrial large subunit proteins to reflect their lack of homology to other known ribosomal proteins. Seven of these mitochondrial specific ribosomal proteins have no obvious homologs in yeast. All but two of these proteins can be identified in the D. melanogaster genome. With few exceptions (see below) none of the new classes of ribosomal proteins identified here has significant similarities to other known proteins nor do they contain recognizable common protein motifs. Almost all of these ribosomal proteins have mitochondrial import signals. The proteins newly identified here bring the number of large subunit mammalian mitochondrial ribosomal proteins without bacterial homologs to 20 (6, 7, 11, 13, 14, 32) . (Table IV) (33) . MRP-L51 shows considerable homology (29.4%) to a small subunit ribosomal protein in yeast (S10). However, no peptides from this protein were detected in small subunit preparations from bovine mitochondria. Hence, we believe that it is a bona fide large subunit ribosomal protein in animals. It is possible that this protein lies on the interface of the two subunits and fractionates differently between the two subunits in yeast and mammals. This study, along with the previous efforts of Mitochondrial Ribosome Consortium and Professor Watanabe's group (University of Tokyo), increases the number of mitochondrial specific ribosomal proteins shared by yeast and mammalian mitochondrial ribosomes to 10.
The New Classes of Ribosomal Proteins with Homologs in Yeast and
BLAST analysis suggests that human MRP-L44 and its yeast homolog (MRPL3) have some similarities to RNase III from prokaryotes. However, important conserved regions in RNase III are not conserved in the mitochondrial ribosomal protein and it is unlikely to have RNase activity. The yeast homolog of MRP-L49 is described as Img2, a protein which is required for mitochondrial genome integrity. Previous work has shown that there is a connection between the stability of the mitochondrial genome and transcription and translation in this organelle (34, 35) . MRP-L49 (Img2) could potentially play a role in the coordination of mitochondrial gene expression and maintenance of mitochondrial DNA that is observed in yeast and postulated to occur in higher eukaryotes (34) .
Homologs of the new family of ribosomal proteins MRP-L46 and MRP-L54 are found in both yeast and Arabidopsis thaliana (Table IV) . The A. thaliana homologs of MRP-L46 and MRP-L54 are about 29% identical to the human proteins. MRP-L46 in C. elegans is considerably longer than the corresponding proteins from other mitochondria (Fig. 5) . As seen in these alignments, highly conserved regions in human, Drosophila, and yeast homologs are also conserved in A. thaliana. Several of these regions have not been conserved in C. elegans (Fig. 5) . The MRP-L54 homologs found in the mitochondria of various organisms are all about the same size and show two regions of particularly high conservation.
Other New Ribosomal Proteins-Seven of the ribosomal proteins without prokaryotic homologs also lack homologs in yeast (Table IV) . The locations of these new proteins in the 39 S subunit and their roles in translation remain to be determined. One of the new classes of ribosomal proteins, MRP-L56, is about 21% identical to prokaryotic serine ␤-lactamases. However, most of the active center residues of prokaryotic serine ␤-lactamases are not conserved, suggesting that this protein is not a mammalian mitochondrial serine ␤-lactamase homolog. One of the new proteins identified here (MRP-L51) has recently been observed by Suzuki et al. (36) in 55 S ribosomes and was designated MRP64 in that study. Suzuki et al. (36) also identified a protein (MRP63) from 55 S preparations. We have not observed any peptides from this small protein in 28 S or 39 S subunit preparations. This group has further reported that a subunit (CI-B14) of NADH-ubiquinone oxidoreductase (Complex I) is present in preparations of 55 S ribosomes (36) . However, we have not observed peptides from this protein in either 28 S or 39 S subunit preparations.
The current analysis of peptide digests of whole large subunits leads to the confirmation of the presence of 30 large subunit ribosomal proteins reported previously including proteins that represent new classes of ribosomal proteins and proteins having prokaryotic homologs (6, 7, 11, 13, 14, 32) .
Absence of 5 S rRNA in 39 S Subunits-Mammalian mitochondrial DNA does not possess a gene encoding a 5 S rRNA. However, recent data on the presence of imported 5 S rRNA in mitochondria (37) and the presence of MRP-L18, a homolog of a prokaryotic 5 S rRNA-binding protein L18, in mitochondrial 39 S subunits, forced us to question the possible incorporation of cytoplasmic 5 S rRNA into 39 S subunits. To demonstrate the absence of rRNA species similar to 5 S rRNA, ribosomal RNAs from bovine mitochondrial 39 S subunits, cytoplasmic 80 S ribosomes, and E. coli 50 S subunits were prepared. Denaturing gel analysis of rRNA extracted from bovine mitochondrial 39 S subunits indicated that no 5 S rRNA species corresponding to imported cytoplasmic 5 S rRNA was present (data not shown). In contrast, the 5 S rRNA was readily observed in cytoplasmic 80 S ribosomes and in E. coli 50 S subunits. Therefore, although the cytoplasmic 5 S rRNA appears to be imported into mammalian mitochondria, it is not incorporated into mitochondrial ribosomes.
DISCUSSION
The 17 ribosomal proteins described in this paper and the 31 previously characterized proteins increase the total number of proteins identified in mammalian mitochondrial 39 S subunits to 48. Twenty eight of these proteins show significant sequence similarities to bacterial ribosomal proteins. The remaining 20 proteins identified in this and previous studies belong to new classes of ribosomal proteins (6, 7, 11, 13, 14, 32) .
The mammalian mitochondrial 39 S subunit contains a 16 S rRNA which is about 1500 nucleotides in length. It is highly truncated compared with the 23 S large subunit rRNA of prokaryotic 50 S subunits. In general, the 16 S rRNA is not randomly shortened throughout its structure. Rather, it shows striking deletions of a number of features of the secondary structure (Fig. 6 ). For example, almost all of domain I and most of domain III of 23 S rRNA have been deleted (red in Fig. 6 ) while most of the crucial helices involved in peptidyl transferase activity in domains IV, V, and VI have been preserved in the predicted structure of human mitochondrial 16 S rRNA.
Recently, crystal structures of the large ribosomal subunit from an archaea, Haloarcula marismortiu, and of the 70 S ribosome from the prokaryote, Thermus thermophilus, were determined at 2.4-and 5.5-Å resolution, respectively (38, 39) . The regions of 23 S rRNA present in the mitochondrial 16 S rRNA were examined using the reconstructed three-dimensional model of the T. thermophilus 50 S subunit at 5.5-Å resolution to supply the coordinates (39) . A front (small subunit interaction side) or crown view is shown in Fig. 7A with the regions retained in the 16 S rRNA shown in blue and the regions missing shown in red. A back view is shown in Fig. 7B again showing regions that are present in blue and regions that are absent in red. These views illustrate that most of the regions of the large subunit rRNA missing in the mammalian mitochondrial 16 S rRNA are located on the periphery of the subunit and on the back side away from the decoding region. RNA components creating the core structure of the peptidyl transferase site and much of the body have been retained in the 16 S rRNA. The RNA in the central protuberance formed by 5 S rRNA, a portion of the L1 stalk and portions of the bottom of the subunit are missing in the mammalian mitochondrial 16 S rRNA (shown in red in Fig. 7) . It has been shown previously that 5 S rRNA is not needed for peptidyl transferase activity (40) . The conservation of critical regions of the rRNA suggests that the basic functioning of the mitochondrial ribosome will be analogous to that of the bacterial and archaeal ribosomes.
The putative locations of the mitochondrial ribosomal proteins that have prokaryotic homologs have been examined using the model of the 50 S subunit (Fig. 7, C and D) . Unfortunately, only some of the prokaryotic large subunit proteins can be localized due to the lack of complete structural information on the bacterial ribosome. The mitochondrial proteins that can be localized are L1, L2, L3, L4, L7/L12, L9, L13, L14, L15, L16, L18, L19, L20, L21, L22, L23, L24, L28, L30, L32, L33, and L34 (Fig. 7, C and D) . The other prokaryotic homologs present in mammalian mitochondrial ribosomes, L10, L17, L20, L35, and L36, cannot be localized (39) . Two of the missing prokaryotic homologs, L5 and L25, are located in the central protuberance of the 50 S structure (shown in yellow in Fig. 7, C and D) where the protein-protein interaction (L5 and S13) occurs at the subunit interface (39) .
In prokaryotes L28 is categorized as a secondary rRNAbinding protein that can be cross-linked to domain I of 23 S rRNA (41, 42) where the mitochondrial 16 S rRNA is truncated. Therefore, the long human mitochondrial MRP-L28 might compensate for the truncated portion of the mammalian mitochondrial 16 S rRNA. This analysis indicates that truncation of the rRNA in the large subunit may account in part for the larger size and additional number of ribosomal proteins in mitochondria. However, a more complete understanding of structure/function relationships in mitochondrial ribosomes will be required before a clear interpretation of the data is possible.
No proteins corresponding to bacterial ribosomal proteins L5, L6, L25, L26, L29, and L31 could be found. L5 and L25 are 5 S rRNA-binding proteins and are, therefore, not expected to be present in the 39 S subunit (43) . However, a clear mammalian mitochondrial homolog of the 5 S rRNA-binding protein of the L18p/L5e family is observed in mitochondrial ribosomes. Ribosomal L18p/L5e family proteins are one of the three 5 S rRNA-binding proteins in prokaryotic and cytoplasmic ribosomes (41) . L18 is also one of the eight essential ribosomal proteins required to form active subribosomal particles of Thermus aquaticus ribosomes containing both 23 and 5 S rRNAs (31) . Recently, the arginine-rich N-terminal portion of Pyrococcus furiosus, L18 was shown to be involved in 5 S rRNA binding (30) . This region is missing in animal mitochondrial MRP-L18s as would be expected based on the lack of this rRNA in mitochondrial ribosomes.
The large subunit protein L26 sometimes fractionates with the small subunit and is identical to S20. No homologs to the prokaryotic L26/S20 could be identified in either 28 S or 39 S subunits. This observation is not surprising since the region of the rRNA to which this protein binds is not present in the mammalian mitochondrial rRNA (2) . The ribosomal protein designated L8 is actually a complex between the L7/L12 dimer and L10 in prokaryotic ribosomes and, thus, does not represent a separate ribosomal protein. Hence, the mitochondrial 39 S subunit has 28 of the distinct 33 bona fide E. coli 50 S subunit proteins.
About half of the proteins in the large subunit of the mammalian mitochondrial ribosome do not have homologs in prokaryotic ribosomes. The roles and locations of all these riboso- mal proteins remain to be determined. Some of these new ribosomal proteins may have evolved additional roles for the cell such as promoting the interaction of ribosomes with the mitochondrial inner membrane and coordinating translation with the maintenance and expression of mitochondrial DNA (44, 45) . Components of the mitochondrial protein biosynthetic system may also play pivotal roles in apoptosis and in mitochondrial diseases (2, 25, 46) .
